Heat stress transcription factors (Hsfs) are the central regulators of defense response to heat stress. We identified a total of 25 rice Hsf genes by genome-wide analysis of rice (Oryza sativa L.) genome, including the subspecies of O. japonica and O. indica. Proteins encoded by OsHsfs were divided into three classes according to their structures. Digital Northern analysis showed that OsHsfs were expressed constitutively. The expressions of these OsHsfs in response to heat stress and oxidative stress differed among the members of the gene family. Promoter analysis identified a number of stress-related cis-elements in the promoter regions of these OsHsfs. No significant correlation, however, was found between the heat-shock responses of genes and their cis-elements. Overall, our results provide a foundation for future research of OsHsfs function.
INTRODUCTION
Heat stress transcription factors (Hsfs) are the central regulators of defense response. They control the expression of heat shock proteins (HSPs) in plants by specific binding to the highly conserved heat shock element (HSE) characterized by palindromic motifs of nGAAn (Miller and Mittler, 2006) . The basic structure and promoter recognition of Hsfs are highly conserved throughout the eukaryotic kingdom (von Koskull-Döring et al., 2007) . A typical Hsf protein contains a modular structure with an N-terminal DNA-binding domain (DBD), an adjacent bipartite oligomerization domain composed of heptads repeat of hydrophobic amino acid residues (HR-A/B), a nuclear localization signal (NLS) essential for nuclear uptake of the protein, a nuclear export signal (NES), and in many cases a less conserved C-terminal activation domain (CTAD) rich in aromatic, hydrophobic and acidic amino acids (AHA) that have been reported to be crucial for activation function (Nover et al., 2001) . Based on the conservative DBD and the HR-A/B regions, 21 putative Hsfs from the Arabidopsis, 23 from rice, and 18 from tomato have been identified through the genome-wide analysis (Baniwal et al., 2004) . Plant Hsf gene family is divided into three classes, HsfA, HsfB, and HsfC, according to their protein structures (Nover et al., 2001) . HsfA and HsfC have insertions of 21 and 7 amino acids, between the hydrophobic regions HR-A and HR-B, respectively. HsfB and HsfC are also characterized by lack of AHA motifs in their C-terminal regions (CTRs).
Evidence from several important representatives in tomato and Arabidopsis displayed that plant Hsfs diversify in their biological functions (Kotak et al., 2007b; von Koskull-Döring et al., 2007) . HsfA members are capable of transcriptional activation, while HsfB members act as repressors or as co-activators (e.g., HsfB1) of HsfA members Czarnecka-Verner et al., 2004) . However, AtHsfA4 activity was reported to be repressed by AtHsf5, which belongs to class A Hsfs (Baniwal et al., 2007) . Overexpression of Hsf genes in transgenic plants resulted in an up-regulation of heat stress-associated genes and an enhancement of thermotolerance, whereas the down-regulation of Hsf genes leads to a reduction in the thermotolerance (Charng et al., 2007; Mishra et al., 2002; Schramm et al., 2008) . In addition to control of heat stress response, Hsfs have also been reported to be involved in the defense response to pathogen attack, oxidative stress, heavy metals, dehydration and salinity, and in certain processes of development and differentiation (Larkindale et al., 2005; von Koskull-Döring et al., 2007) .
Rice is the most important cereal crop, which feeds more than a half of the world's population (Jeon et al., 2008) . Molecular dissection of rice Hsf gene family would help to unravel the stress response mechanism in rice. Compared with the extensive studies done in Arabidopsis Hsf genes, only a few researches have involved monocots, such as rice and maize (Fu et al., 2006; Yamanouchi et al., 2002; Yokotani et al., 2008) . Although 23 Hsfs were identified in the Oryza japonica previously, the structure and expression profile of these OsHsfs have not been elucidated. In this study, we identified and classified 25 rice Hsf genes from both O. japonica and O. indica genomes. In addition, the expression of the individual genes was investigated through both digital expression analysis and semi-quantitative reverse-transcript polymerase chain reaction (RT-PCR). Our work will facilitate the function analysis of the OsHsfs genes.
MATERIALS AND METHODS

Search for Hsf genes in rice genome and gene annotation
Consensus amino acid sequences of Arabidopsis heat shock factors, including the DNA-binding domain and HR-A/B region, were used to search the GenBank (National Center for Biotechnology Information (NCBI), Bethesda, MD, USA; http://www. ncbi.nlm.nih.gov), the International Rice Genome Sequencing Project (IRGSP; http://rgp.dna.affrc. go.jp), and Beijing Genomics Institute (BGI; http://btn.genomics.org.cn/rice), using an E-value cutoff of 1.0. The full length of cDNA sequence, 1 kb DNA sequence upstream of the start-codon, and bacterial artificial chromosomes (BACs) or phage artificial chromosomes (PACs) containing OsHsf genes were obtained from the NCBI, IRGSP, or BGI. Expressed sequence tag (EST) sequences of all OsHsf genes collected from dbEST database (http:// www.ncbi.nlm.nih.gov/dbEST/) were used for the identification of the tissue specific expression patterns of the OsHsfs (Audic and Claverie, 1997) . Finally, we compared all the OsHsf genes to identify redundant sequences. Promoters were analyzed by using PlantCARE (http://bioinformatics.psb.ugent. be/webtools/plantcare/html/).
Sequence alignment and phylogenic analysis
Amino acid sequences of DBD and HR-A/B regions were used for multiple alignments by using ClustalX version 1.83 (Hicks et al., 1997) . To produce preferable alignments, the parameters were set as followings: for pairwise parameters, gap opening cost=30, gap extension cost=0.3; for multiple parameters, gap opening cost=20, gap extension cost=0.15; the Gonnet series were applied for protein weight matrices and defaulting parameters were used for other settings. Phylogenetic tree of OsHsf gene family was constructed using the N-J method. The ScHsf1 gene from Saccharomyces cerevisiae was selected as outgroup and bootstrap analysis was performed to measure the robustness of all nodes.
Digital expression analysis
Digital expression of the OsHsfs was performed using the rice dbEST database. All ESTs were sorted by the library source, and normalized libraries were delimited for expression analysis. Frequencies of the ESTs in the corresponding library were calculated to represent the gene expression level.
RT-PCR analysis
Sixty (Table A1 ).
RESULTS
Identification of OsHsf genes in rice genome
In order to identify rice Hsf genes, we used the conserved DBD and the HR-A/B regions to conduct basic local alignment search tool (BLAST) searches against the rice genome in NCBI, IRGSP, and GPI, and identified a total of 26 homologs in the O. japonica genome, which were highly similar to HSF proteins from other plants, and 27 in the O. indica. Of these Hsf genes, two gene loci Loc_Os06g66210 (O. japonica) and OsIBCD008764 (O. indica) were manually discarded because of the truncation in DBD region and the absence of corresponding ESTs in the dbEST, respectively. Another two Hsf genes from gene loci OsIBCD028792 and OsIBCD044667, which were previously annotated as two distinct genes, were proved to be identical in their cDNA sequences ( Table 1 ). The remaining 50 sequences were analyzed for redundancy by performing pairwise comparisons of the genomic sequences in the coding regions ranging from start to the stop codon in each cultivar. Genes that share more than 95% similarity are considered as the same gene. It was found that all Hsf genes in O. indica have corresponding orthologs in O. japonica. 
Protein structure and classification of OsHsfs
Protein sequence analysis detected a conserved DBD in the N-terminal region (Fig.1 ) and an adjacent HR-A/B region in each of the OsHsf proteins (Fig.2) . The DBD domain contained three α-helix bundles and a small four-stranded antiparallel β-sheet as previously described in LpHsf24 (Fig.1) (Schultheiss et al., 1996) . There was a conserved intron located near the 3′-end of the third helix ( Fig.1) Further analyses of the HR-A/B domain revealed that there were, in the majority of cases, three or more repeated heptads in the HR-A domain and two incompletely repeated heptads in the HR-B domain (Fig.2) . HR-B in classes A and C had a very characteristic structure of overlapping sets of hydrophobic heptapeptide repeats (Fig.2) . According to the linker region between the HR-A and HR-B domains, OsHsfs family (Nover et al., 2001 ) was divided into three classes, including 13 OsHsfAs, 8 OsHsfBs, and 4 OsHsfCs ( Table 2) .
Within the OsHsfs, the nuclear localization signals (NLS) composed of a cluster of arginine and lysine residues were detected adjacent to the HR-A/B domain (Table 2 ). There was a leucine-rich nuclear export signal (NES) at the C-terminus of all OsHsfAs except OsHsfA7, and of a small portion of OsHsfBs and OsHsfCs (Table 2 ). The C-terminal activation domain (CTAD) was only found in OsHsfA, suggesting that only class A Hsfs can activate autonomously.
Phylogenetic analysis of OsHsfs
To determine the phylogenetic relationship among the OsHsfs, neighbor-joining phylogenetic trees were constructed using the amino acid sequences of DBD, the HR-A/B region, and the linker between them (Fig.3) . Arabidopsis Hsf genes were included in the phylogenetic tree as reference to classify rice Hsfs. As expected, the classes A, B and C Hsfs formed three individual clusters. Furthermore, the class A Hsfs were divided into two sub-clusters (Fig.3) . In a previous study, the N-terminal part and C-terminal part of DBD and HR-A/B regions were used separately to draw phylogenetic trees (Nover et al., 2001) . Although most proteins fixed their positions in the different phylogenetic trees, a few Hsfs changed their positions (Nover et al., 2001) . Similar phenomenon was also observed on the OsHsfs (data not shown). A more convinced relationship of the Hsfs was revealed by combining the DBD, HR-A/B, and the flexible linker between DBD and HR-A/B (Fig.3) . 
Cis-acting elements in OsHsf promoters
One kilobase upstream regions of the OsHsf genes were analyzed for cis-acting elements using PlantCARE software (Higo et al., 1999) . A total of 9 different cis-acting elements commonly existed in the promoters of OsHsfs (Table 3) . Seven of these cis-acting elements were related to stress responses. Two cis-acting elements with the highest frequency were G-box/Sp1 and abscisic acid (ABA) response element (ABRE). These two elements are involved in the light responsiveness and the ABA response, respectively (Table 3) . CCGTCC/CAT-box, LTR, and ARE/GC-motif are cis-acting elements related to meristem expression, low temperature response, and anaerobic induction. Compared with classes B and C OsHsf genes, class A genes contained more these two cis-elements, suggesting that class A genes may play different roles from classes B and C genes (Table 3) . In addition to these two elements, other cis-elements occurred at a similar frequency among the promoters of these three classes.
Expression patterns of OsHsfs
The number of ESTs for a specific gene in a cDNA library is considered to be proportional to the transcript abundance of the mRNA. We used the EST sequences downloaded from the dbEST to analyze the expression pattern of OsHsfs in various plant tissues and different developmental stages. A total of 391 Fig.3 Neighbor-joining phylogenetic trees of OsHsf and AtHsf genes constructed using ClustalX program The tree was generated on the basis of the amino acid sequences of the N-terminal domains of Hsfs including the DBD region, the HR-A/B region and parts of the linker between both. ScHsf1 was set as the outgroup.
Bar=substitutions/site
OsHsf ESTs corresponding to 23 of the 25 genes were identified except the OsHsfA6 and OsHsfB4a genes ( Table 1 ). The majority of OsHsf genes had a low to moderate level of transcripts in most tissues, while some displayed a tissue-specific manner (Fig.4) . OsHsfA4a and OsHsfA4d were dominantly expressed in panicle and adult leaves, respectively. Overall, OsHsfs were expressed at a higher level in panicle and flower than in other tissues.
Under heat shock (HS) and H 2 O 2 treatment, the expression of class A Hsfs was higher than those of class B and class C Hsfs (Fig.5) . These results are consistent with those derived from the analyses of EST data. The lack of the detectable transcripts of several OsHsfs under our condition might have resulted from the tissue specific expression pattern (OsHsfA4d) or low expression levels of the genes (e.g., OsHsfB4a, OsHsfB4d, and so on) as suggested by the digital expression pattern. The transcription of OsHsfA1a, OsHsfA2b, OsHsfA3, OsHsfA7, OsHsfA9, OsHsfB2c, and OsHsfC1b was up-regulated by both HS and H 2 O 2 treatments in a similar manner, while the up-regulation of OsHsfA2a, OsHsfA2c, OsHsfA2e, OsHsfA4a, OsHsfB2b, and OsSHFC1b was detected only under HS treatment, implying that there was a H 2 O 2 independent HS responsive pathway in rice.
DISCUSSION
Unlike yeast and Drosophila that only contain one Hsf gene, plant has a more complex family of Hsf genes (Baniwal et al., 2004; Miller and Mittler, 2006) . In this study, we identified 25 OsHsfs based on the rice genome. Majority of the predicted OsHsfs were supported by the FL-cDNA and the EST sequences (Table 1) . These 25 OsHsfs were divided into 3 classes (A, B and C) based on the protein structure and phylogenetic relationship (Figs.2~3) . The sequence analysis identified the conserved DBD, the HR-A/B domain, and the NLS that were the common motifs of OsHSFs. The NES and the AHA motifs were also the common motifs of class A genes, but they were only detected in a small portion of classes B and C genes (Table 2) . Recently, great progress has been made in elucidating the functions of Hsfs (von Koskull-Döring et al., 2007) . AtHsfA9 is involved in seed development and controlled by seed-specific transcription factor abscisic acid-insensitive 3 (ABI3) (Kotak et al., 2007a) . The expression of AtHsfA3 is induced by drought and heat, and is dependent on the dehydration response element biding protein 2A (DREB2A) (Sakuma et al., 2006; Schramm et al., 2008) . Promoter analysis showed that an array of OsHsf genes contains ABREs (Table 3) . This indicates that an ABA pathway may be involved in Hsf induction and responsible for control of downstream processes, such as seed development or drought resistance (Kotak et al., 2007b) . The transcripts of AtHsfA2 increased under several stress conditions, especially in response to high light plus heat stress (Nishizawa et al., 2006) . During repeated cycles of heat stress and recovery, HsfA2 becomes a dominant Hsf in tomato and Arabidopsis (Mishra et al., 2002; Schramm et al., 2006) . In contrast to tomato and Arabidopsis containing only one HsfA2, rice has five HsfA2 genes (von Koskull-Döring et al., 2007) . Our results show that OsHsfA2a, OsHsfA2b, OsHsfA2c, and OsHsfA2e were induced by heat stress, while OsHsfA2b and OsHsfA2c were induced by H 2 O 2 also (Fig.5) . From the result of expression pattern, the OsHSfA2 subfamily was closely related with rice stress response. Overexpression of OsHsfA2e in Arabidopsis led to enhanced thermo and salt tolerance in transgenic plants (Yokotani et al., 2008) . Further studies to elucidate the functions of the other members in the subfamily may also have potential for the development of transgenic plants with improved stress tolerance.
H 2 O 2 is reported to be an essential component in the heat stress signaling pathway (Volkov et al., 2006) , and the Hsf genes were considered as H 2 O 2 sensors in plant (Miller and Mittler, 2006) . Human and Drosophila Hsf1 was shown to sense hydrogen peroxide directly and assemble into a homotrimer in a reversible and redox-regulated manner (Storozhenko et al., 1998; Zhong et al., 1998) . In Arabidopsis, the heat stress-induced H 2 O 2 is required for effective expression of heat shock genes (Volkov et al., 2006) , and the AtHsf4a may be an important sensors of H 2 O 2 (Davletova et al., 2005) . The intimate relationship between the HS and oxidative stress response suggests that some Hsfs might be responsive to both stresses. In this study, eight OsHsfs (OsHsfA1a, OsHsfA2b, OsHsfC1b, OsHsfA3, OsHsfA7, OsHsfA9, OsHsfB2c, and OsHsfC1b) were found to be induced by both heat shock and H 2 O 2 (Fig.5) . Heat stress led to the accumulation of H 2 O 2 in tobacco and Arabidopsis culture cells (Volkov et al., 2006) and mustard seedlings (Dat et al., 1998) . Hence, it is likely that Hsfs sense the H 2 O 2 level in cells and transfer the stress signaling. Mutation of OsHsfA4d led to a lesion mimic phenotype in mature leaves (Yamanouchi et al., 2002) . The phenotype may be caused by H 2 O 2 accumulation that transferred a cell death signaling (Takahashi et al., 1999) . It is likely that OsHsfA4d works in mature leaves to sense H 2 O 2 levels as its homologue AtHsfA4a in Arabidopsis (Davletova et al., 2005) . It is also worth noting that OsHsfA4a, the other member of OsHsfA4, has extremely high transcript abundance in panicle (Fig.4) . Further research will help to elucidate the special functions of these genes. 
APPENDIX: SUPPORTING ONLINE MATERIAL FOR IDENTIFICATION AND EXPRESSION ANALY-SIS OF OsHsfs IN RICE
